Abstract-A fast computation and accurate analytical model for off-body propagation is derived in this paper. The paper discusses the off-body model propagation from an external source to a receiver located on the body. The model is developed for normal incident plane wave by describing the human body with a circular cylinder. We show that the total received electric field around the human body can be written as a creeping wave in the shadow region and as a geometrical optics result for the lit region. It is also shown that at 60 GHz, the shadow boundary width is negligible. The model shows perfect agreement with the experimental results conducted on a perfectly conducting cylinder. Measurements of the creeping wave path gain have been also conducted on a real body to assess the validity of the cylinder assumption. The results have shown a path gain of about 5 dB/cm for the TM case and 3 dB/cm for the TE case. The standard deviation between the measurements and the cylindrical model is about 3.5 dB for both TM and TE cases.
I. INTRODUCTION
T HE popularity of wireless communication technologies has increased the need for reliable, high-speed communications. To cope with the need for high-data rate transmission, successive technologies have been proposed that use large bands of the RF spectrum. The next emerging technology to realize short-range indoor communication with data rates of a few Gbits per second (Gb/s) seems to be the 60-GHz systems [1] . The progress in low-cost mm-wave circuit design and the wide available spectrum around 60 GHz will allow to develop new communication services such as HD streaming video, augmented reality, wireless gaming, Gigabit Ethernet [2] . Within this framework, the development of 60-GHz body area networks (BANs) (off-and on-body) [3] , [4] is important.
The propagation paths between body-mounted antennas have been widely studied at lower frequencies such as 2.45 GHz [5] - [7] or in ultra wideband between 3.1 and 10.6 GHz [8] - [10] . Measurements but also finite-difference time-domain T. Mavridis, L. Petrillo, and P. De Doncker are with the OPERA Department-Wireless Communications Group, Université Libre de Bruxelles (ULB), B-1050 Brussels, Belgium (e-mail: tmavridi@ulb.ac.be; lpetrillo@ulb.ac.be; pdedonck@ulb.ac.be).
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(FDTD) simulations [11] have described the BAN communication channel. At a higher frequency such as 60 GHz, human body influence has been studied in order to model shadowing [12] , [13] . In the BAN context, however, the fields have to be computed in the close vicinity of the human body, which has not yet been done.
Narrowband and UWB indoor measurements [14] , [15] have lead to the 60-GHz standardized IEEE 802.11ad [16] channel model. In the standard, the channel model generation is made of two steps: The first one is to simulate by ray tracing the main propagation paths and second, measurements define the statistics of the intracluster paths. The development of a 60-GHz off-body propagation model has to be compatible with this IEEE standard channel model. This paper focuses on the propagation from an external transmitter to a receiver located on the body assuming that it can be described by a circular cylinder. We propose here to use the results of uniform theory of diffraction (UTD) [17] , [19] , which is a ray description of the total fields, to develop such a model. The important property of UTD is the spatial continuity of the solution regardless the position around the cylinder, but it necessitates the heavy calculation of Fock functions [17] . In this paper, it is shown that this calculation is not required at 60 GHz to get an accurate solution of the scattering by a convex cylinder describing the human body. Under the millimeter wavelength hypothesis, a new model extending our previous work [20] based on a simplification of UTD is proposed. Compared with the previous work limited to conducting cylinders, the new model can predict the electric field around a real human body at 60 GHz for a normal incident plane wave. The total fields can be split into only two spatial (lit and shadow) solutions, which are not necessarily continuous. The solutions for the lit and shadow regions are derived from geometrical optics (GO) and the creeping wave formulation. This model has been validated by measurements on a real human body, which confirm the assumption that it can be modeled by a circular cylinder at 60 GHz. Those solutions are well suited for being included in a standard such as IEEE 802.11ad. The main contributions of this paper are a ready-to-use propagation model for an off-body scenario and the validation of the circular geometry for the human body at 60 GHz.
Section II presents the general equations of a plane wave diffracted by a circular cylinder and develops our model. Both TM and TE polarizations are considered in the dielectric and perfectly conducting cases. Section III validates our model by numerical comparisons of the different approaches. The comparison between our model and the boundary value problem solution [21] shows perfect agreement. Section IV proposes 0018-926X © 2013 IEEE Fig. 1 . Problem geometry. The incident electric field is along for TM polarization and the incident magnetic field is along for TE polarization. The shadow boundary divides space into two zones: lit and shadow.
the experimental setup and compares the model to the experimental results for both polarizations. The measurements have been done on a metallic cylinder and on a real body. Finally, Section V concludes this paper.
II. DIFFRACTED WAVE EQUATIONS

A. Problem Definition
The geometry under study for off-body communication modeling is shown in Fig. 1 .
The cylinder modeling the body is immersed in free space. The cylinder has a radius , a principal axis , relative permeability , and relative complex permittivity , depending on the conductivity by with defined as the real part of the relative permittivity and are respectively the free-space permittivity and permeability. A time dependence is assumed and suppressed, where is the angular frequency and is the frequency. Cylindrical coordinates are adopted where and . In the following, the solution will be studied for positive values of . By symmetry, the conclusions are exactly the same for negative values of .
The incident electric field for TM polarization is defined by (1) where is the electric field amplitude, is the freespace wavenumber, and is the speed of light. The magnetic field for TE polarization is defined as (2) where is the magnetic field amplitude. Geometrically (see Fig. 1 ), the shadow boundary separating the lit and the shadow regions is defined by (3) As can be observed in Fig. 1 , the lit region is defined by and the shadow region by .
B. Dielectric Cylinder Solution
1) Lit Region:
The behavior of the electric field in the lit region is given by GO, which defines the electric field as the sum of two waves: the incident and reflected one. GO [22] defines the reflection coefficient for the electric field . The reflection coefficient depends on the electric properties of the cylinder and the interface curvature. The total field is then expressed as (4) which takes into account the media losses and the geometry [22] . Equation (4) is not detailed for the dielectric cylinder case although it is developed in Sections II-C and II-D for the perfectly conducting cylinder (PEC) case.
2) Shadow Region: a) TM Polarization: The total field around the cylinder is given by [21] (5) with (6) where is the wavenumber inside the cylinder. Functions and are, respectively, the first kind Bessel functions and the second-order Hankel functions defined in [23] . In following equations, is normalized to unity. It can be shown that (6) can be written in the high-frequency range [19] as: (7) where is the normalized admittance with respect to the free space admittance [24] and . At high frequencies, (5) converges slowly due to the oscillations of the Bessel functions with large argument. To speed up convergence, it is necessary to introduce uniform theory of diffraction (UTD) results [17] . Watson's transformation [25] allows to obtain a solution with faster convergence by using the theorem of residue, as follows: (8) where (9) with verifying (10) Calculation of Bessel functions of complex order is not trivial.
It is proposed to introduce , the first kind Airy's functions [23] and , the second kind [26] . By defining and , (8) can be approximated, when , by (11) In (11), is defined by , and verifies (12) which simplifies (10) . In (11), the first term of the sum gives the asymptotic behavior of the electric field. The higher order terms increase the accuracy around the shadow boundary. Noting that, around 60 GHz, with ( is the imaginary part of ), (11) can be approximated by (13) by making the approximation which is equivalent to keep the creeping wave mode coming from the and neglecting the wave coming from the other side . Equation (13) finally gives the creeping wave around a dielectric cylinder for a TM incident wave. By defining the path gain
by using the fact that . A simplified path gain writing can be inferred from (14) , as follows: (15) by defining the gain factor and the received power at : . It can be equivalently written in terms of , as follows: (16) where is the received power at the shadow boundary . b) TE Polarization: The total electric field is given by [21] (17)
where the boundary conditions give (18) Again, by applying Watson's transformation, the TE polarization creeping wave modes can be inferred, as follows:
The same substitution by Airy's function can be made, and the first creeping mode is kept to obtain (20) where and are solutions of (21) Equation (20) gives the creeping wave on a dielectric cylinder for a TE incident wave. Defining the path gain in [dBV/m], as previously, the following expression can be obtained: (22) where is the TE gain factor and is the received power at the shadow boundary .
C. PEC Cylinder: TM Polarization
The electric field can be derived from (5) with normalized to unity, as follows: (23) 1) Lit Zone: The expression of the electric field is given by the GO, which is an excellent approximation at high frequency. The electric field is obtained by the sum of the direct and reflected waves by writing (4) as done in [22] : (24) where and is the distance between the reflection position and the observation position.
2) Shadow Zone: (25) where and verifies (26) The are known and can be written as . It has been shown in [26] that can be tabulated as (27) where and is a positive integer. By keeping the first term, (25) can be approximated by (28) The path gain expression (16) can be simplified for the PEC case by noting that the first zero of the Airy's function is , as follows:
where and . The amplitude of the incident plane wave has been here reintroduced. It can be observed that the attenuation slope only depends on via the factor. Equation (29) is valid for a PEC cylinder for any value of and , but it is a more accurate solution for large values of . By linearity and introducing , the path gain can be written as (30) where dB/rad.
D. PEC Cylinder: TE Polarization
In the case of a PEC cylinder, (17) is simplified as (31)
1) Lit Zone:
The magnetic field is given by
Maxwell equations are used to obtain the electric field
2) Shadow Zone: The development used in this part is similar to the one used in Section II-C. The equations of the TE mode creeping wave are given by (35) where and verifies
The zeroes are precisely known, and by writing , it can be shown that can be tabulated as [26] (37) where and is an positive integer. The first term of sum (35) 
III. NUMERICAL SIMULATIONS
The path gain factors at 60 GHz from Section II are presented in Table I for different values of the cylinder radius . The dielectric properties of the human skin at 60 GHz are 7.9753 and 36.397 S/m [27] . For the sake of clarity, the path gain factors are expressed in dB/cm. The validity of the model developed in this paper and the decomposition into two regions (lit and shadow) is first compared for the TM mode. The exact solutions (23) for a PEC cylinder and (5) for a dielectric cylinder are shown in Figs. 3 and in 4 . In the following simulations, the incident electric field magnitude has been normalized to one.
In Fig. 3 , it can be observed that the model is very accurate. The exact solution (23) needs about 800 terms to converge, while the creeping wave solution (25) only needs one term.
The same conclusion can be drawn with Fig. 4 where the model is compared with the exact solution (5) for a cylinder filled with the dielectric properties of skin at 60 GHz. It can be observed that the accuracy of the GO modeling decreases around the shadow boundary. It can also be observed in Table I , for TM polarization, that the PEC cylinder is a good approximation of a homogeneous cylinder phantom with electrical properties of human skin.
The TE mode can be split into in two components: and . As can be observed in Fig. 5 , the component of the creeping wave is negligible in the shadow zone.
The dielectric (17) and PEC (18) cylinders are also compared for TE polarization in Fig. 6 .
As seen in Fig. 6 , the PEC cylinder approximation of the human skin electrical properties filled cylinder is not suitable for the TE case. Figs. 3, 4 , and 6 show an interference pattern in the lit region as expected [22] . The valleys and the peaks come from a destructive and constructive interference between the direct ray and the reflected ray.
In the shadow region, the path gain approximation shows perfect fitting. It validates the first creeping wave mode is predominant at 60 GHz. The fact that influence of the creeping wave mode coming from the other side of the cylinder 0 can be observed with the exact solutions around 180 where an interference pattern appears. Given the power level reached for those values of , it can be inferred that this creeping wave mode is negligible.
IV. EXPERIMENTAL COMPARISON
To assess the validity of the proposed model, two measurement campaigns have been conducted. The first one has been realized using a PEC cylinder in order to precisely verify the theoretical path gain. The second campaign has been conducted on a human. Its purpose was to evaluate the validity of the model to emulate a real body, though it has been developed for a cylinder.
A. PEC Measurement Campaign
The first experimental campaign has been done on a convex PEC. This campaign allows having a very accurate measurement of the path gain around the cylinder and validating precisely the creeping wave model.
1) Experimental Set-Up:
The experimental geometry and the measurement setup are presented in Figs. 7 and 8 . The theoretical path gain has been verified by conducting measurements using an Agilent E8361C VNA in an anechoic chamber.
-band horn antennas were used with a beamwidth of 10 and a gain of 20 dB. The horn antennas have an aperture size of 3 cm 2.3 cm.
As can be observed in Fig. 7 , the Tx horn antenna is located far from the cylinder to obtain a plane wave illumination. The Rx horn antenna is located tangentially to the cylinder to maximize the amount of power received from the creeping wave. The distance is defined from the middle of the horn antenna, and defines the distance between the cylinder and the antenna. The parameters are summarized in Table II. The cylinder has a height of 1.2 m, and the horn antennas are placed at middle height. To discriminate the time of arrival of the creeping wave between two spatial positions with 10 , a 10-GHz bandwidth is selected. Fig. 7 . Experimental geometry. The receiving horn antenna (Rx) is located against the cylinder, and is defined from the cylinder surface to middle of the horn antenna. defines the distance between the cylinder surface and the antenna's edge. The distance is defined from the cylinder surface to the transmitting horn antenna (Tx). The frequency step is chosen in such a way that the length of the signal impulse response is 0.015 , which is equivalent to a propagation length of 4.5 m which is sufficient to discriminate the relevant paths. The IF bandwidth and the averaging parameter are chosen to get the highest dynamic range possible. The bandwidth has been chosen between 50 and 60 GHz. The upper frequency was limited because of the -band (40 to 60 GHz) material available. The 10-GHz bandwidth was used to perform time-gating to increase the dynamic range. Time-gating will give the measured path gain in the center of the bandwidth: 55 GHz. For a 0.2-m radius PEC cylinder, the difference between the path gains at 55 and 60 GHz is about 0.126 dB/cm for the TM mode and 0.055 dB/cm for the TE mode. (These values are calculated by using the theoretical equations of the path gain factors.)
The antenna was fixed on the cylinder. The whole cylinder was rotated thanks to an automatic angular positioner (Newport
MICRO-CONTROLE Motorized Rotation Stage RV Series).
The coaxial cables have about 6-dB/m losses. To avoid the need of long-distance cables and optimize the received power, the VNA was put inside the anechoic chamber and covered by absorbing material. To minimize the cables movement during rotation, all the cables were passed inside the cylinder by a pass-cable expressly designed for it.
This measurement campaign was conducted in order to validate the angular dependence of (30) and (40). Due to the use of horn antennas, the received field is integrated over the aperture size and so over . These equations are separated variable solutions in terms of radial and angular variations. The integration over the aperture size does not change the angular variation. For the first values of around 90 , part of the horn antenna will be in the lit zone and the other in shadow one. The validity of the first measurements will be discussed in the following. To determine the shadow boundary influence, the receiving horn antenna is placed at two distances between the cylinder and the antenna 0 mm (against the cylinder) and 20 mm. The second distance allows to have the entire aperture of the horn antenna in the lit region for the first measurement points. The distances are summarized in Table IV by taking into account the antenna size for TM and TE modes.
2) Experimental Path Gains: a) Antenna Against the Cylinder: The measurements made with the VNA are compared with (30) and (40) with the antenna against the cylinder . Fig. 9 is drawn by normalizing the theoretical path gains with respect to the measured received power at 90 . As can be observed in Fig. 9 , the model fits the measurements, although after 150 , the noise floor is reached, and the measurements are no longer valid for TM case.
For the TE propagation mode, only the polarization of the electric field was measured because of the horn antenna position. Equation (40) is still valid, noting that in the shadow zone. It can be seen that the dynamic range is higher due to the lower attenuation. In these two results, measurements also fit for values around 90 . The influence of the shadow boundary cannot be interpreted in those figures.
b) Antenna at 2 cm Away From the Cylinder: Path gain formulas are compared for the horn antenna at 2 cm from the cylinder, which is equivalent to 35 mm (TM) and 31 mm (TE).
In Fig. 10 , it can be seen that measurements deviate from the path gain model below 110 . The shadow boundary has been outlined for a better understanding. In this figure, unlike Fig. 9 , the shadow boundary influence is clearly visible due to the fact that the entire receiving antenna was in the lit zone at the beginning of the measurements. These measurement positions should have been modeled with GO. 
B. Real Human Measurement Campaign
The second set of experiments was conducted on a real human body. The human body is compared with a dielectric ( 7.9753 and 36.397 S/m [27] ) cylinder having with the same perimeter.
1) Experimental Setup:
The experimental setup used for this campaign is the same as the one presented in Fig. 8 . The measurements were done at a single frequency 60 GHz, to have quicker measurements. Each measurement was carried out during 60 s to average the influence of the small movements of the body. This measurement time is equivalent to 48 snapshots per spatial position. The main parameters of this campaign are presented in Table V. The experiments were done around a human torso of 93 cm of perimeter. It is equivalent to a cylindrical body with a radius of about 14.8 cm. A spatial step of 1.5 cm was chosen, which is equivalent to an angular step of 5.8 . These parameters are summarized in Table VI. The arms of the body remained up so as not to disturb the measurement around the torso.
2) Experimental Path Gains: The theoretical gain factors for a cylinder with different values of radius [cm] are summarized in Table VII. Measurement results for the TM polarization are shown in Fig. 11 . The mean value of the received power fits the theoretical path gain (normalized according to the first experimental value). Measurements have been conducted up to 140 . Beyond that angle, the main path reaches the measurement noise level. Time gating could not be performed because of the single-frequency measurement constraint. The TE case is shown in Fig. 12 . Measurements have been done in a larger range than the TM case because of the higher dynamic range. Experiment and theoretical results show a good agreement as well.
These results show the validity of using a simple path gain formula obtained with an equivalent cylinder for a real body. As can be observed, different theoretical curves have been plotted to study the sensitivity of the radius of the equivalent cylinder, by choosing a maximum error of 1 cm. It can be observed in Table VII that an error of 5% on gives an error of 3.5% on and 2.75% on . Figs. 11 and 12 show that these differences are negligible. Evaluation of the standard deviation (STD) has been done in decibels [dB] to compare the cylindrical model and the measurements. The errors are summarized in Table VIII. TABLE VIII  STANDARD DEVIATION WITH THE EQUIVALENT RADIUS This table shows that the STD hardly changes with the equivalent radius . The low sensitivity of the theoretical path gain curve allows an error of 1 cm on the radius .
V. CONCLUSION
This paper investigates an off-body diffraction model at 60 GHz around dielectric and PEC cylinders modeling the human body. The propagation model is developed for both TM and TE polarizations. The model assumes that the propagation can be described by geometrical optics in the lit region and by a creeping wave in the shadow one. By using Watson's transformation, the TM and TE creeping waves are deduced from the boundary problem of the plane wave scattering by a cylinder.
Numerical simulations have been done to validate the model. The PEC solution has also been compared to the dielectric cylinder with the properties of the human skin at 60 GHz. It has been observed that the propagation around a PEC cylinder is an excellent approximation of the propagation around a dielectric one only for TM polarization. For TE polarization, it has been shown that the component dominates the one in the shadow region.
The experimental validation has been done on a PEC cylinder for both polarizations. The creeping wave path gains perfectly fits with the theoretical propagation model developed in this paper.
A second experimental campaign with a real body has been done to validate the theoretical path gains in the dielectric case. The measurements show excellent agreement with the theory. These experimental results prove that the propagation model is accurate and is thereby well suited for being included in a standard such as IEEE 802.11ad.
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